Background: The validity of the eosinophilic oesophagitis (EoE) histologic scoring
| INTRODUCTION
Eosinophilic oesophagitis (EoE) is a chronic immune-mediated disorder of the oesophagus that is increasing in prevalence. 1 The diagnosis is based on symptoms of oesophageal dysfunction, a peak eosinophil count (PEC) of at least 15 eosinophils per high power field (HPF) on mucosal biopsy, and exclusion of other causes of oesophageal eosinophilia. 2 Although the aetiology of EoE is unknown, food and/or environmental allergens are presumed to trigger a T helper (Th) 2 inflammatory response. 3 Without adequate treatment, persistent inflammation leads to fibrosis and stricturing of the oesophagus. 4 Although the European Medicines Agency (EMA) has recently approved budesonide (Jorveza, Dr. Falk Pharma GmbH) for treatment of adult patients, no other medical therapies have been approved by either the EMA or North American drug authorities, and current treatment options are only moderately effective. Research on potential new therapies is therefore urgently needed; however, uncertainty exists with regard to the most appropriate endpoints for clinical trials involving patients with EoE. Histologic disease activity is the most frequently reported outcome measure, and PEC is considered the gold standard for diagnosis. 1 However, there are important limitations to relying solely on eosinophil count for measurement of disease activity in clinical trials. First, there is no standardised definition of histologic remission based on eosinophil count; definitions range from <1 eosinophil/HPF to <15 eosinophils/HPF in the literature. [5] [6] [7] Second, EoE is a patchy disease and eosinophils are unequally distributed in the oesophageal mucosa. 8 Third,
although PEC measures disease severity in the worst area, it is not a complete marker for the full epithelial inflammatory response that occurs in EoE. Measurement of PEC in isolation may therefore result in over-or underestimation of disease activity.
Other histopathologic features of EoE include eosinophil degranulation, eosinophil abscesses, eosinophil surface layering, basal zone hyperplasia, dilated intercellular spaces and lamina propria fibrosis. 9 In 2016, Collins et al developed a novel EoE histologic scoring system (EoEHSS) that measures PEC and some of these other histologic features, the severity of which are assessed by a 4-point Likert scale for both severity (grade) and extent (stage). 10 Efficient development of new treatments for EoE will require use of an objective outcome measure of disease activity that incorporates items that are reliable, generally applicable and responsive to change after an intervention. 11 The face validity and preliminary reliability of the EoEHSS have been previously reported; however, assessment of the reliability of this index
has not yet been formally investigated using rigorous methodology for outcome measure development. We therefore assessed the intra-and inter-rater reliability of the EoEHSS, a visual analogue scale (VAS) of overall disease severity, and additional histologic features identified using modified RAND appropriateness methodology.
| MATERIALS AND METHODS

| Study population
We utilised histologic slides from 3 clinical trials involving adult patients with a confirmed diagnosis of EoE 1 previously conducted at the Academic Medical Center (AMC, Amsterdam, the Netherlands).
All originator trials had been previously approved by the local Ethics
Committee of the AMC and registered in the Dutch Trial Registry (Trialregister.nl NTR4892, NTR3487 and NTR4052). Data used in the present study were de-identified with respect to the original study and patient identification number. Patients were not exposed to additional interventions as a result, and no additional Ethics Committee approval was required for the conduct, of this study (reference number W16_207).
| Data collection
A single gastroenterologist performed all endoscopies according to a standardised protocol in all 3 of the original studies from which the histology slides were derived. After routine inspection of the oesophagus, biopsy specimens were obtained, formalin-fixed, paraffin-embedded, sectioned at 5 lm thickness, and haematoxylin and eosin stained. Dysphagia symptoms at the time of the endoscopy were retrieved.
| Slide selection
The complete set of initial slides was reviewed by a pathologist with experience in EoE to ensure that a full spectrum of disease severity was present in the sample and that the slides were of adequate quality to enable scoring. All selected slides were then scanned and compressed using WebMicroscope Compressor (Fimmic, Helsinki, Finland)
for viewing by the central pathologists on the Robarts WebMicroscope database hosted on a secure remote server. Figure 1 illustrates the most commonly observed histologic features associated with EoE.
| Item selection and RAND process
Scoring conventions for the EoEHSS and exploratory items that were considered potentially important for measurement of histopathologic disease activity based upon expert opinion on the face validity of the items were included in an online survey that was completed twice by 7 panelists, including the 4 study pathologists. The results of each round and any disagreement amongst the pathologists on survey responses were discussed during 2 teleconferences, and a consensus on the final list of histologic items for reliability testing was achieved using RAND appropriateness methodology.
| Reliability study
Prior to initiation of the study, 4 expert gastrointestinal pathologists with experience in EoE were trained on the use of Robarts Intra-class correlation coefficients (ICCs) were used to quantify inter-and intra-rater reliability. Estimates for ICCs were obtained using a two-way random effects analysis of variance model, with interaction between slides and central readers, where both slides and readers were treated as random effects. 12 To avoid the assumption of normality for the data, associated two-sided 95% confidence intervals about the estimates were obtained using the nonparametric percentile bootstrap method with 2000 samples obtained with replacement at the level of the slide to maintain data structure. This approach is commonly known as the clustered bootstrap method. 13 The strength of reliability was interpreted according to the bench- "slight," "fair," "moderate," "substantial" and "almost perfect" reliability, respectively. 14 The validity was assessed by correlations between the EoEHSS grade and stage scores, the component items of the EoEHSS and the exploratory histologic items with the VAS assessment of global histopathologic disease severity, estimated with a mixed model approach using all 8 observations per image made by 4 readers in duplicate. This method was adopted to avoid the potential bias arising from estimates derived from averaging repeated observations. 15 The precision of the estimates was quantified by two-sided 95% CIs obtained using cluster bootstrap methods with 2,000 replicates. Statistical analyses were performed using SAS 9.4 (SAS Institute
Inc., Cary, NC, USA).
| Sample size
Sample size for the estimation of ICCs was calculated using a method described by Zou who focused on ICCs arising from a one- 
| Patient characteristics
The characteristics of the patients whose slides were included in this study are shown in Table 2 . The mean participant age was 40 AE 11 years, and the majority were male (n = 32, 71%) and Caucasian (n = 35, 78%). Of the 45 patients, 76% had been diagnosed with concomitant atopic diathesis; food allergy and allergic rhinitis were most prevalent (49% and 51%, respectively). Oesophageal biopsies were obtained from patients prior to (n = 29) and following treatment with either topical steroids (n = 3), an elemental diet (n = 9) or a test-directed elimination diet (n = 4). Dysphagia was the presenting symptom in 82% (n = 37) of patients at the time of endoscopy and biopsy. The most common endoscopic feature was oedema (n = 40, 89%) with nearly equal proportions of patients presenting with white exudates, rings or furrows at the time of endoscopy and biopsy (67%-69%).
| Additional histologic scoring features and modifications to EoEHSS based on RAND appropriateness testing
An overview of the histologic features for assessment of EoE that were identified and rated according to the modified RAND appropriateness process is presented in Table S1 . Minor changes were made to the definition of dyskeratotic epithelial cells, and an option to categorise basal cell hyperplasia as "not scorable" was included for scoring of the EoEHSS (Table 1 ).
In addition to the EoEHSS items, histologic features that were ultimately agreed upon for reliability testing and included in the features assessed by the pathologists is presented in Table S1 . Interpretation of these data should be made with consideration of the reliability data presented below.
| Intra-rater reliability
Almost perfect intra-rater reliability (ICC >0.80) was observed for the composite EoEHSS grade and stage scores as well as the overall rating of histopathologic disease activity according to the VAS ( T A B L E 1 Histologic items and definitions assessed in the reliability study
EOEHSS Grade score Stage score
Eosinophilic inflammation: Intra-epithelial eosinophils are not normally found in oesophageal biopsies; therefore any intraepithelial eosinophils were considered abnormal. (Figure 1a )
Grade score for eosinophilic inflammation was based on the quantity of eosinophils in the most inflamed high power field (HPF) (peak eosinophil count, PEC). 0 = intra-epithelial eosinophils not present 1 = PEC <15/HPF 2 = PEC 15-59/HPF 3 = PEC >60/HPF Stage score for EI was based on the amount of the biopsy that exhibited the threshold value for EoE diagnosis: 0 = intra-epithelial eosinophils 0-14/HPF 1 = PEC ≥15/HPF in <33% of HPFs 2 = PEC ≥15/HPF in 33%-66% of HPFs 3 = PEC ≥15/HPF in >66% of HPFs Epithelial basal zone: The basal zone of oesophageal squamous epithelium is composed of closely packed small cells and normally occupies ≤15% of the total epithelial thickness. The upper limit of the basal zone was defined as the level at which basal epithelial cell nuclei were separated by a distance equal to or greater than the diameter of a basal cell nucleus (Figure 1a) Grade score for basal zone hyperplasia (BZH) was based on the amount of total epithelial thickness occupied by the basal zone (Figure 1a) : 0 = BZH not present 1 = basal zone occupies >15% but <33% of total epithelial thickness 2 = basal zone occupies 33%-66% of total epithelial thickness 3 = basal zone occupies >66% of total epithelial thickness OR Cannot be scored almost perfect intra-rater reliability. All of the exploratory items were associated with at least moderate intra-rater reliability, with almost perfect intra-rater reliability observed for assessment of PEC, number of lamina propria eosinophils per HPF, and dilated intercellular spaces (Mayo Clinic method), and substantial intra-reliability observed for assessment of eosinophilic degranulation. Assessment of vacuolisation of keratinocytes, and increased intra-epithelial lymphocytes were associated with the lowest intra-rater reliability estimates (and were consistent with moderate intra-rater reliability).
| Inter-rater reliability
The composite EoEHSS grade and stage scores were associated with almost perfect inter-rater reliability, and substantial inter-rater reliability was observed for assessment of histopathologic disease severity using the VAS (Table 3) . With the exception of surface epithelial alteration and dyskeratotic epithelial cells, for which only fair and slight inter-rater reliability was observed, respectively, all EoEHSS items were associated with at least moderate inter-rater reliability.
The highest inter-rater reliability estimates were observed for assessment of eosinophilic inflammation (grade and stage) and were consistent with almost perfect inter-rater reliability. Substantial inter-rater reliability was observed for assessment of epithelial basal zone (grade and stage), eosinophil abscess (grade), eosinophil surface layering (grade and stage), dilated intercellular spaces (stage) and lamina propria fibrosis (stage), whereas moderate inter-rater reliability was observed for dilated intercellular spaces (grade) and lamina propria fibrosis (grade).
With regard to the exploratory items, the highest ICCs were observed for assessment of PEC and were consistent with almost perfect inter-rater reliability. Substantial inter-rater reliability was observed for assessment of number of lamina propria eosinophils Figure 1a) . Lamina propria fibres that were arranged singly and had a diameter smaller than a basal layer nucleus were considered normal, fibres that were cohesive without increased diameter were considered abnormal, as were fibres with a diameter equal to or greater than a basal layer cell nucleus ( Although this distinction may have contributed to differences in reliability estimates, the assessment of digitised slides has nevertheless been recently shown to be a valid alternative to the assessment of traditional glass slides. 22 Additionally, our methods allowed the comparison of scores among pathologists trained at different international centres, a situation that would likely exist in a multicentre clinical trial setting.
Intra-and inter-rater reliability for counting eosinophils has been previously reported. 22 Dellon et al utilised digitised slides to determine maximum eosinophil counts, and similarly reported nearly perfect intra-and inter-rater reliability. However, the extent of inflamed tissue was not taken into account in this earlier study. Since no study has previously examined the inter-or intra-rater reliability of the VAS or the other exploratory histologic features, these results cannot be compared to previous literature.
Several limitations of our study should be acknowledged. First, we utilised previously collected histopathology slides from 1 EoE referral centre. Nevertheless, the histologic features and patient characteristics appear to be comparable to those of other studies. 10, 22, 23 Second, since we only included slides from adult EoE patients our results may not be applicable to a paediatric cohort. 24 Third, pathologists reviewed the digitised histologic slides on different computers with no standard monitor resolution or brightness settings. The subtle variations in colour balance may have affected inter-rater reliability.
In conclusion, the current study confirms the substantial interrater reliability of the EoEHSS and adds valuable information with regard to the intra-rater reliability. The EoEHSS composite grade and stage scores and the VAS assessment of overall histopathologic disease severity gave the most consistent and uniform scoring of histologic features in adult EoE patients. Utilisation of these scores in routine practice and in clinical trials would increase the reproducibility, generalisability and comparability of histologic endpoints. Future research on the responsiveness of the EoEHSS to a treatment of known efficacy is planned.
AUTHORSHIP
Guarantor of the article: Rish K. Pai. All authors played a role in reviewing and revising the manuscript for important intellectual content. All authors approved the final draft for submission.
ACKNOWLEDG EMENT
Declaration of personal interests: MJW has no competing interests.
CAA has no competing interests. AJB has received research funding 
